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When tricalcium silicate, Ca 3 Si05, is hydrated in a ball mill, 
the stoichiometry of the reaction at 23° in a saturated calcium 
hydroxide solution is represented by the equation 2Ca3Si0 6 
+ 6H 2 - Ca 3 (Si0 3 OH) 2 2H 2 + 3Ca(OH) 2 . An H 2 0/Ca 3 - 
SiO s weight ratio of 9 was used in the ball mill, and complete 
hydration was attained in six days. The calcium silicate 
hydrate produced was afwillite. The afwillite was colloidal 
in dimensions ; most of the particles were roughly spherical 
and their diameter was of the order of 300 A. The density 
was 2.647 ± 0.01 g./cc; the mean index of refraction was 
1.62 ±0.01. No difference, except in the dimensions of the 
particles, was found between the natural mineral and artifi- 
cial afwillite. 

Introduction 

Primarily because tricalcium silicate, Ca 3 Si0 5 , is 
one of the important constituents of portland ce- 
ment, its hydration has been extensively investi- 
gated. These, as well as other investigations of the 
CaO-Si0 2 -H 2 system, were critically reviewed by 
Steinour. 1 Although valuable information has 
been gathered by several investigators, the stoichi- 
ometry of the hydration of Ca 3 Si0 5 has not been set- 
tled. 

When Ca 3 Si0 6 is treated with solutions of lime 
in water, the reaction products are Ca(OH) 2 and 
calcium silicate hydrates of various compositions. 
At a concentration of 2 mmoles of CaO per liter, the 
molar ratio of CaO to Si0 2 is around 1 .0 (or possibly 
as low as 0.8) ; at or near the saturation concentra- 
tion the ratio is about 1.5. Taylor, 2 who made the 
most complete investigation of this system, desig- 
nated the hydrates as calcium silicate hydrate (I) 
or CSH (I) . Because of their similarity to the nat- 
ural mineral tobermorite, 3 we shall call them to- 
bermorites. 

(1) H. H. Steinour, Chem. Revs., 40, 391 (1947); "Proceedings of 
the Third International Symposium on the Chemistry of Cement," 
London, 1952, p. 261. 

(2) H. F. W. Taylor, J. Chem. Soc, 3682 (1950). 

(3) G. F. Claringbull and M. H. Hey, Mineral. Mag., 29, 9fi0 

(1952). 
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If in a mixture of water and Ca 3 SiG 6 the weight 

i no of water to Ca 3 Si0 6 is less than about 300, the 
water becomes saturated with Ca(OH) 2 . It fol- 
lows from this that unless a very large excess of wa- 
ter is used, the hydration takes place — or at least 
ends — in a saturated lime solution. Of especial 
importance is the hydration in saturated calcium 
hydroxide solution because in the hydration of 
Portland cement lime saturation is quickly estab- 
lished, and thereafter the Ca 3 SiO s component of 
Portland cement hydrates in a saturated solution. 
To determine by chemical means the composition 

f the alcium silicate hydrate produced, the cal- 
cium hydroxide must be removed from the system. 

ut thods so far proposed usually remove also 
some of the lime from the calcium silicate hydrate. 
Be use of this, the stoichiometry of the hydration 

in be reliably solved only if the chemical compo- 
sition and nature of the re, »n products can be 
determined without disturbing the reaction 
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lots of Ca 3 Si0 5 , designated as Ca 3 Si0 5 (I) and Ca 3 Si0 6 (II). 
The first lot was identical with that described by Brunauer, 
Hayes and Hass 6 ; the second was prepared in the same 
manner, but it had a slightly different composition. The 
approximate composition of both lots was 96% Ca 3 SiO &J 
3% Ca 2 SiOi and 1% of other impurities. 

Hydration was carried out in two small steel ball mills, 
designed by Grunwald. 7 Each mill had a capacity of about 
400 cc. and was used with approximately 400 g. of steel balls 
of assorted sizes ( Va to a // diameter, Rockwell hardness No 
60-62). The internal dimensions of the mills were approxi- 
mately 6" diameter and 1* width. The interior surfaces 
were hardened to a depth of 1 / n ¥ (Rockwell hardness No. 
60-62); the exterior surfaces were plated with chromium. 
The mills were rotated at approximately 50 r.p.m. for 15 
minutes of each hour. 

The mills were operated in a room kept at 23 =fc 0.5°. 
The water-to-solid weight ratio was 9. We investigated two 
ball-mill-hvdrated batches of Ca 3 SiO&, prepared from Ca 3 - 
SiO»(I)and(II). 

Removal of Uncombined Water. — The ball-mill slurries, 
at the end of the grinding period, were spooned or pipetted 
out of the miD and transferred to erlenmeyer flasks for 
freezing. The practice of freezing the slurries was adopted 
by Copeland and Hayes 8 to avoid sample losses owing to 
frothing and "boiling," which occur when the slurry is 
placed on the vacuum line directly. After most of the water 
had been removed, the samples were homogenized by thor- 
ough mixing to eliminate stratification; the rest of the ad- 
sorbed water was then removed by the procedure described 
by Brunauer, Hayes and Hass. 6 Drying was considered 
complete when the loss of water was less than 1 mg./g. of 
sample in two days. 

All operations, to the extent possible, were conducted in 
a controlled atmosphere manipulation cabinet equipped 
with Ascarite filters, to minimize contamination of samples 

by CO*. 

Extraction of Calcium Hydroxide. — This was done by a 
modification of the method of Franke 9 for the quantitative 
determination oi lime. A solvent mixture, made up of 60 
cc. of isobutyl alcohol, 9 cc. of acetoacetic ester (ethyl aceto- 
acetate) and 15 cc. of ethyl ether, was added to 1 g. of 
sample; the mixture was refluxed at 70 to 80° for three 
hours, filtered, and the lime in the filtrate was determined 
gravimetrically or volumetrically. The extraction process 
was then repeated on the residue; and if the filtrate ob- 
tained in the second extraction contained a sizable quantity 
of lime, a third extraction was performed. On some 
samples cold extractions were performed. Instead of re- 
fluxing the mixture, it was shaken on a rotating table for 24 
hours . 

Preparation of Calcium Hydroxide. — Two preparations of 
calcium hydroxide were used. 

(a) Ca(OH) 2 (I). — CaO was prepared by the ignition of 
whiting (CaC0 3 ) at 950 to 1000° for 24 hours. The CaO 
was then hydrated by exposure to an atmosphere of satu- 
rated water vapor at 23° for two months. The containers 
were lined with ceresin. The specific surface area of the 



(6) S. Brunauer, J. C. Hayes and W. E. Hass, This Journal, 58, 
279 (1954). 

(7) Ernest M. Grunwald, unpublished Portland Cement Association 
reports; Chem. Dept., Florida State University, Tallahassee, Florida. 

(8) L. E. Copeland and J. C. Hayes, ASTM Bulletin. No. 194, 
December, 1953. 

(9) B. Franke, Z. anorg. allff&m. Chem., 247, 180 (1941). 
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Jcium hvdroxide was determined bv the B.E.T. method, 10 
using nitrogen adsorption; it was found to be 36.8 m. 2 /g- 

(b) Ca(OH) 2 (II).— The same CaO was used, but it was 
hydrated in boiling water. The surface area of this sample 

was 5.8 m. 2 /g- 

Ignition loss and carbon dioxide determinations indicated 

complete hydration and very slight carbonation for both 
preparations . 

Other Operations. — The ignition Lose and carbon dioxide j 

ontent were determined, the chemical analyses were per- * 

formed, and the compositions of the subeta - were calcu- 

1 according to the methods described by Brunauer, 

Hays and Hass, 6 
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solution of calcium hydroxide in water. 

Dr. Greenbei- of the Johns-Ma ille Research Center 
-: a mined several of our samples bv i he methods 11 of differen- 
al thermal analysis and CheveiJ ird thermobalanoe measure- 

X-Ray Investigations. — ( Ka ra it inn was used in all 

cases. X-Raj diffraction pa ms were o 1 with a 

114.6 diamefc Deb r camera, a Nordeo Wide 

ge < ger Counter Dii ber, or with a NTorelco 

Counting I >mjM r used in i junction with the dif- 

tometer. This ( bii >n performs ' I count" 
sc ing 

Specimens were p i from carbon dioxide and water 

during use of the d tple modi in a- t 

ti« of the sea he instrumi A thin ah 

of lye as * o r the X-ray beam oing 

of t) r shi 1, t pr« in£ a sealed eh er 

> during i ial np« 

loss of ii ich a sample <»f ( OH I ) 

as held for - it I enclosure showed no 

measui igi &rl it, and a barelj 

in ii 1 
Except for the ma lilfl which were already 8uffiei<*i.lly 

gn ed p all np g md to pass a 200 m< 

an< 'i fun 1 by I i for aboi f) n ute.s 

iij i rnullit* n rhis p dun ensures w><n\ mixing 

tu« an duces 

grain- -r reproducil m« 

1 \n i og was ied n in t fie ooo 

I I • **8ori \ quantitative anal) 

»f Ii - :til p fihrnu- 

materials i is preferred orient* ' j n n . A modi heat ion of the 

I Tatge" I un to 

duce h - f- ;tbl c 

I 

|)iil r and 

Al the dii 

I a I either by 

ean er r ha %< I scan- 

I/O ri/» • r 

dearth f :. noit 
1 for angular i 

- foi 'Uii Jo-' 

tt»ue ill - ' •• 

•0. 300 

68 

fig Uti J Appl y: 

(U H SvMMODMd I .- J ea 

ii 



counts were found to be unnecessary. The number of 
counts was such that the instrumental error in intensity 
measurements was usually less than 1%. 

Results and Discussion 

The stoiehiometry of the hydration of Ca 3 Si0 5 
at 23° in a saturated calcium hydroxide solution 
can be represented by the equation 

2Ca 3 Si0 5 + 6H 2 = Ca 3 Si 2 7 -3H 2 + 3Ca(OH) 2 (1) 

The formula, Ca 3 Si20 7 -3H 2 0, is not intended to 
imply here anything about the structure of the 
calcium silicate hydrate. The water may be pres- 
ent in the hydroxylic form or as molecular water in 
the compound. Both ball-mill hydration and paste 
hydration can be formally represented by the same 
equation, but the calcium silicate hydrates are dif- 
ferent. In ball-mill hydration the hydrate pro- 
duced is afwillite; in paste hydration the product 
obtained is similar to tobermorite. To distinguish 
between the two calcium silicate hydrates, we shall 
adopt the notation Ca 3 Si20 7 -3H 2 (A) for afwillite 
and Ca 3 Si 2 07-3H 2 (T) for the tobermorite-like 
hydrate. 

The Water of Hydration. — Jacquemin 14 hydrated 
Ca 3 Si0 5 in a ball mill, and he concluded that the 
water of hydration was 3 molecules per molecule. 
Grunwald, 7 who investigated ball-mill hydration at 
our laboratory a few years ago, arrived at the same 
conclusion. 

We hydrated several batches of Ca d Si0 5 in the 
ball mill and obtained complete hydration in about 
6 days, as will be shown later. The water of hy- 
dration corresponded almost exactly to 3 molecules 
of water per molecule of Ca 3 Si0 5 . We may mention 
two examples of this. The total water of hydration 
of one batch of hydrated Ca 3 Si0 5 (I), calculated on 
the assumption that Ca 3 Si0 5 takes up 3 and Ca 2 - 
Si0 4 2 molecules of water, was 23.21% on ignited- 
weight basis. The experimental value was 23. 1 1%. 
The total calculated water of hydration of another 
batch of hydrated Ca 3 Si0 5 (I) 'was 23.25%; the 
experimental value was 23.16%. 

It is somewhat surprising to obtain such close 
agreement between theoretical and experimental 
values in a colloidal system. Afwillite, the calcium 
silicate hydrate produced in the ball-mill hydration 
of Ca 3 SiOs, is obtained in the form of particles hav- 
ing an average dimension of less than 300 A. Nev- 
ertheless, afwillite even in this size range is stable at 
a water vapor pressure of 5 X 10 ~ 4 mm., indicating 

(14) R. Jacquemin, "Recherches sur l'hydration des Hants hydrau- 
liques," Dissertation, University of Liege, Desoer, Liege, 1944. 
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that its dissociation pressure at 23° has a lower 

value than that. 

The Reaction Products. — There was no evidence 
of unhydrated Ca 3 SiO& on any of our X-ray dif- 
fractometer charts after 6 days of ball-mill hydra- 
tion. All lines on the charts were attributable to 
calcium hydroxide and the calcium silicate hydrate. 

The amount of Ca(OH)* in the products was first 
determined by the modified Franke method, de- 
scribed earlier. The result corresponded almost 
exactly to 1.5 molecules of Ca(OH) 2 per molecule of 
Ca 3 Si0 6 . Three examples are given below. 

1. Batch I of hydrated Ca 3 Si0 6 (I) contained a 
total calculated value of 35.79% uncombined CaO. 
We assumed that the hydration of Ca 3 Si0 6 pro- 
duced 1.5 molecules of Ca(OH) 2 per molecule, and 
the hydration of Ca 2 SiOi 0.5 molecule of Ca(OH) 2 
per molecule. The experimental result was 35.76% 
uncombined CaO. 

2. Batch II of hydrated Ca 3 Si0 6 (I) had a cal- 
culated uncombined CaO content of 35.30%. The 
experimental value was 35.42%. 

3. The above analyses were performed by hot 
extractions. Cold extraction of batch II of hy- 
drated Ca 3 Si06(I) gave an experimental value of 
35.33%. 

In spite of the extraordinary agreement between 
the calculated and experimental values, chemical 
analysis did not settle the stoichiometry of the hy- 
dration of Ca 3 Si0 6 . It did not seem impossible, or 
even unlikely, that the extraction process had al- 
tered the hydration products. For example, it 
seemed possible, especially on the basis of prior 
information, 2 that the hydration proceeded ac- 
cording to the reaction 

CaaSiOs + 3H 2 = CajSiO«-2H 2 + Ca(OH; 2 (2) 

and that during extraction the higher-lime hydrate 
decomposed 

2(0^8104-2^0) = CajSisOrSI^O + Ca(OH) 2 (3) 

X-Ray investigation of the hydration products 
before and after extraction settled the question 
definitely. Diffractometer charts of the hydration 
products established the fact that in both cases 
the calcium silicate h3 r drate was afwillite, Ca 3 Si 2 07- 
3H 2 (A) . Other than the calcium hydroxide lines 
only the lines of afwillite were present, with one 
possible exception. On some charts there was a 
vague indication of the strongest line of the tober- 
morite-like hydrate, Ca 3 Si 2 7 3H 2 (T), the one at 
3.03 A. Although a quantitative estimation could 
not be made, probably less than 5% of the calcium 
silicate hydrate was tobermorite. 
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The material from which the calcium hydroxide 
had been extracted showed complete absence of the 
calcium hydroxide lines on the charts; only afwil- 
lite lines were present. This was true of both the 
ot-extracted [Afwillite (H)] and the cold-extracted 
[Afwillite (C)] material. We mixed Afwillite < 
with Ca(OHh in the proportion of three moles oi 

a(OH) 2 to one mole of afwillite. Two mixtures 
were prepared: mixture A [Afwillite (C) plus Ca 

(OH ) 2 I ]and mixture B [Afwillite (C) plus Ca(OH 

[l 'v 
X-Uay dil imeter charts oi i he two mixture 

were prepared, and they werecomp d with chart 

I complete! hydra ted, unexti ed ( < > 5 (Hj 

drated (' "mOi). The comparisons were based OD 

the intensities of the tour si rm est lines of afwillite 
and the two strongest lines of calcium hydroxidi 

The line intensity obtained OD seven charts ai 
given in Tabic I. 
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The intensity ire given m \i\ y units i i- 
thenumher of squares on our charts). To i ei 
tain nether the relative amount- oi ium h 
droxide and afwillite were tin one in h Ira ed 
I '.i Si* i. and in the two mi\tiu w< alculated the 
ratio i f t he intensity ichof the afwillite I ine-. 

to e h of the calcium hydroxide lm< n>r each chai 
iid compared the rat obtained for h Lrated 
< i0 6 with the ratios obtained for the mixture- 

Hie intcnsii u -show n in Table I enabl us to make 

26 ich comparisons. Tl eult was that the af- 
willii content of hydrated < mOi was 98 of 

the afwillite content cture \ or B (or. what i 

the same thing, the calcium hydroxide content < 
hydrated I SiOo was 101.IV J, of the calcium h; 

droxide •-ontent of mixture A or B The standard 
of the mean was 3.4 It will e n< 1 tl 

i the >mpar »n \ used relative intt ties, th 
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or th i illite and via 
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05) l \l*xandar and H. P. King. Anal. Ch* 20 886 



the stoichiometry of the hydration of Ca 3 SiO fi in 
the ball mill at 23° in saturated calcium hydroxide 
solution is represented by the equation 

2Ca 3 SiO s + 6H 2 = Ca2Si 2 7 -3H 2 0(A) + 3Ca(OH) 2 (4) 

Calcium Hydroxide. — The calcium hydroxide 
produced in the hydration of Ca 3 SiO& appeared in 
the form of crystals having larger than colloidal 
dimensions. The calcium hydroxide in mixture A 
had a surface area of 36.8 m. 2 /g.; that in mixture 
B a surface area of 5.8 m. 2 /g. Comparison of the 
half-intensity widths of the calcium hydroxide 
lines obtained for these mixtures with those of the 
calcium hydroxide lines obtained for hj^d rated 
Ca 3 Si0 5 indicated that the dimensions of the cal- 
cium hydroxide crystallites in the latter were inter- 
mediate between the dimensions of the crystallites 
in the two mixtures and closer to the dimensions of 
the low-surface calcium hydroxide. The line widths 
also clearly indicated that the crystallites of calcium 
hydroxide were stubby. Surface-area determina- 
tions by water-vapor adsorption indicated about 
the same average particle dimension as X-ray line 
broadening did. 

Afwillite. — The d spacings of the X-ray diffrac- 
tion lines of the afwillite produced in the ball-mill 
hydration of Ca 3 Si0 6 showed a very close cor- 
respondence to the d spacings published by various 
investigators for the natural mineral afwillite. 
especially to those published by Switzer and 
Bailey. 16 Interestingly, however, the relative in- 
tensities of our lines did not show such a close cor- 
respondence to published values. A comparison 
bet ween our results and those of others for the four 
strongest lines of afwillite is given in Table II. 

The discrepancy between our results and those of 
others is explainable on the basis of preferred orien - 
tion in the samples of other investigators. Our 
artificial afwillite was obtained in colloidal dimen- 
sions, after six days of grinding; we believe, there- 
fore, that the particles had random orientation. 
This is evidenced also by the close agreement be- 
tween the relative intensities obtained on seven 
charts, shown in Table II. 

We received from the U. S. National Museum i 
ample of natural afwillite, which came from the 
I )utoitspan mine, Kimberly. South Africa. Debye 
Sherrer patterns made on parts of the sample showed 
that (a) the 2.83 . line was the strongest line; (b 
the 3.18 and 2.73 A. lii had about the same inten- 
ds) G. Switz.-rand E. II. Bailey, Am "ralogitt, 38, 629 (1953)- 

(17) Imperial Chemical Industries. Nbrwieh. 

ri8) H F. McMurdio a < I P. II- Itesearrh Natl Bur 

landanU, 31, 227 H943>. 
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natural mineral afwillite and the artificial afwillite 
obtained in the ball-mill hydration of Ca 3 Si0 6 . 

Megaw 19 recently determined the crystal struc- 
ture of afwillite and showed that the formula Ca 3 - 
(Si0 3 OH) 2 -2H 2 best represented its structure. 
From the structure data she calculated the density 
of afwillite to be 2.643 ± 0.005 g./cc. She used 
natural afwillite from the Dutoitspan mine for the 
structure determination. We determined the 
density of our afwillite, obtained from ball-mill- 
hyd rated Ca 3 Si0 5 by hot-extraction of calcium hy- 
droxide. The experimental density was 2.642 

0.01 g./cc, the density corrected for impurities 
(on additive basis) was 2.647 ± 0.01 g./cc. 

For the indices of refraction of afwillite from 
Crestmore, California, Switzer and Bailey 16 re- 
ported the values a = 1.616, fi = 1.619, y — 1.631. 
The average index of refraction of our sample of 
Dutoitspan afwillite was 1.62 ± 0.01. The aver- 
age index of refraction of our artificial colloidal af- 
willite was also 1.62 ± 0.01. 

The specific surface area of afwillite obtained 
from the ball-mill hydration of Ca 3 Si0 6 was found 

> be 84 ± 4 m. 2 /g. by the B.E.T. method. 10 It 
was determined both by nitrogen adsorption at the 
boiling point of nitrogen and by water vapor adsorp- 
tion at 25 \ Using the customary value of 16.2 A. 2 
for the molecular area of nitrogen, we obtain identi- 
cal surface area with water vapor, if we assume that 
the latter had a molecular area of 11.8 A. 2 ; a rea- 
sonable molecular area. 

If the afwillite particles were spherical and all 
the same size, the surface area would indicate a par- 
ticle diameter of about 285 A. Electron micro- 
graphs, obtained by Swerdlow, McMurdie and 
Heckman 20 from our artificial afwillite showed that 
the particles were roughly spherical and had di- 
mensions of the order of 250 A. 

Differential thermal analysis results were re- 

jrted by Moody 21 for natural afwillite from Kim- 
berly. She stated that the chart "shows an endo- 
thermic reaction proceeding in several steps in the 

mperature range _'">0-450°, the most marked re- 
action oci-urring at approximately 370°, and an 
exothermic reaction which takes place at about 
820°. It seems clear that these correspond to the 
dehydration proa i to the formation of ran- 

kinite, respectively 

The main features of t lie different ial thermal anal- 

(19) H. D. M.^gaw, Ada Cryt 5 177 195 

(20) M -werdlow. H. 1. McMurd ,nd P. Heckman roc. of 
International ( iferenc« on ' lectron Microscor ] ndon. 

1954: J Roy. Micro. Soc. (in prew). 

'21 j K. If. Mood far, 29. 838 ■'19.'- 
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ysis curve of our artificial afwillite were the same 
as those of natural afwillite. There were endother- 
mic minima at 240, 320 and 470°, which, doubtless, 
correspond to the steps reported by Moody for the 
temperature range 250-450°. The slight shifts in 
temperature are not significant ; they may be caused 
by differences in techniques. The minima at 240 
and 320° probably correspond to the loss of the two 
types of water in afwillite, Ca3(Si0 3 OH)2-2H 2 0. 
The most marked reaction occurs at 320° . There is 
a strong exothermic peak at 820°, which may pos- 
sibly be due to the formation of wollastonite, £- 
CaSi0 3 , rather than rankinite, Ca3Si 2 7 . In addi- 
tion to the peaks reported by Moody, Greenberg ob- 
tained an endothermic peak at 125°, which may be 
due to the loss of adsorbed water. The absence of 
the peak in natural afwillite may be explained on 
the basis of difference in surface area; our artificial 
afwillite had colloidal dimensions, whereas the spe- 
cific surface area of natural afwillite was negligil 
compared with that of our artificial afwillite. 
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Evidence is presented that the stoichiometry of the hy- 
dration of tricalcium silicate, Ca 3 Si0 5 , in the form of hard- 
ened paste in a saturated calcium hydroxide solution at 23° 
may be represented bv the equation 2Ca 3 Si0 5 4- 6H 2 = 
CaaSi 2 7 -3H 2 + 3Ca(OH) 2 . An initial HjO/CajSiOi weight 
ratio of 0.7 was used, and the pastes were hydrated for 2 to 
2.5 years. X-Ray and microscopic examinations indicated 
almost complete hydration. The calcium silicate hydrate 
produced was similar to the natural mineral tobermorite; its 
density was 2.44 -fc 0.01 g./cc, and its average index of re- 
fraction was 1.56 ± 0.015. Bernal proposed the structural 
formula Ca 2 [Si0 2 (OH) 2 ] 2 [Ca(OH) 2 ] for the hydrate. The 
artificial tobermorite was colloidal in dimensions; nitrogen 
adsorption, X-ray line broadening and electron micrographs 
indicated on average dimension of about 100 A. About 15% 
of the calcium hydroxide was adsorbed on the tobermorite 
surface; the rest'of the calcium hydroxide appeared in the 
form of relatively large crystals, visible under the microscope. 

Introduction 

The stoichiometry of the hydration of tricalcium 
silicate, Ca^iOs, in a steel ball mill in a saturated 
calcium hydroxide solution at 23 z was discussed in 
t he previous paper. l The present paper discusses 
the stoichiometry of the hydration of Ca ^i0 5 in the 
form of "paste/" The term "paste" as used by 
cement chemists, and as used here, means a plastic 
or semi-fluid mixture of a hydraulic material, such 
as portland cement, Ca 3 SiO& or Ca 2 SiG 4 , with water. 
After a few hours the paste "sets" and then hard- 
ens; the present investigations were carried out 
on hardened pastes. 

Experimental 

The experimental techniques emplo 1 were in most re- 
spects identical with those described before. 1 Only a few 
dditional remarks are needed here. 

Pastes of CajSiOs wen- prepared by the method described 
by Brunau'-r, Hayes and Hass, 8 excep' that the pastes wer- 
ast as solid cylinders, without a hole in the center. The 
water-to-Ca*Sib 4 weight ratio was 0.7 The pastes pre- 

(1) S. Brunauer. L. E. Copeland and R. H. Bragg, This Jocbnal. 
SO, 112 (1956). 

(2) S. Brunauer. J. C. Hayes and W. E. Has*, ibid.. 68, 279 (1954). 
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pared from Ca 3 Si0 6 (I) were hydrated for 21 months; thosr 
prepared from Ca 3 Si0 6 (II) were hydrated for 30 months. 
The hydration was conducted in a room kept at 23 ± 0.5° . 

The un combined water was removed by the method de- 
scribed by Brunauer, Hayes and Hass. 2 

The calcium hydroxide, Ca(OH) 2 (III), used in the present 
experiments was different from those described before. 1 
Calcium oxide was prepared from "Baker analyzed" re- 
agent grade CaC0 3 , low in alkalies, by ignition at 900 to 
950° for 16 hours. The hydration was carried out in a poly- 
ethylene bottle, by letting the CaO stand in water at 25° for 
three months and shaking the bottle once or twice a day. 

Results and Discussion 

X-Ray diffractometer charts of the hydrated 
Ca 3 Si06 pastes showed the presence of calcium 
hydroxide and tobermorite lines only. The calcium 
silicate hydrates, designated as tobermorites, vary 
in molar CaO/Si02 ratio from 1.0 (or 0.8) to 1.5. 
In a saturated calcium hydroxide solution the 
compound with the highest lime-to-silica ratio is 
obtained. 1 This compound has the formula Ca 3 - 
Si 2 7 3H 2 according to Bernal, 3 and the formula 
Ca 3 Si 2 7 -2H 2 according to Taylor. 4 The formu- 
las, as written here, are not intended to imply any- 
thing about the structures of the molecules; water 
may be present in the structure either in the molec- 
ular or in the hydroxylic form, or in both forms. 

The stoichiometry of the hydration of Ca 3 SiO& 
may be represented by the equation 

2Ca 3 Si0 5 + 6H 2 = Ca 3 Si 2 7 -3H 2 0(T) + 3Ca(OH) 2 (1) 

if Bernal's formula is correct, or by the equation 

2Ca 3 Si0 6 + 5H 2 = Ca 3 Si 2 7 -2H 2 + 3Ca(OH) 2 (2) 

if Taylor's formula is right. (The (T) after Ca 3 - 
Si 2 7 3H 2 is added to distinguish this compound 
from afwillite. 1 ) It will be shown that the weight 
of evidence favors eq. 1. Other reactions than 
those represented by eq. 1 and 2 will be considered 
in the last section of the paper. 

The Water of Hydration. — The water of hydra- 
tion was determined by the same method that was 
employed for the ball-mill hydration products ' 
If we call the stoichiometric water of hydration, 
according to eq. 1, 100%, then two pastes prepared 
from Ca 3 Si0 5 (I) contained 86.0 and 83.7, and one 
paste prepared from Ca 3 Si0 5 (II) contained 84.5% 
of the stoichiometric quantity of water. These 
numbers represent minimum values. Both Ca 3 Si06 
preparations contained approximately 96% Ca 3 - 
Si0 5 , 3% £-Ca 2 Si0 4 and 1% of other impurities. 
The values for the water of hydration were calcu- 
lated on the assumptions that (1) the hydratable 

(3) J. D. Bernal, "Proceedings of the Third International Sym- 
posium on the Chemistry of Cement," London. 1952, p. 216. 

(4) H. F. W. Taylor. /. Chem. Soc, 163 (1953). 
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impurities (tricalcium aluminate, calcium oxide and 
magnesium oxide) were fully hydrated : and (2) the 
fraction of S-Ca^SiC^ hydrated was the same as the 
fraction of Ca^SiOs hydrated. 

Pure J-Ca2Si04 hydrates at a much slower rate 
than CajSiOo. A hardened paste of /S-Ca^jSiO*. 
which had hydrated for about the same period as 
-he three Ca^Si0 5 paste- contained only 37 5% 
of the stoichiometric amount of water of hydration 
(2 molecules of water per molecule of Cf >i0 4 ). 2 
If we assume that the CajSi0 4 in the CajSi0 5 paste 
hydrated at the same rate as in i" - own paste, then j 

the CaaSiO, in the three pastes contained 87.3, 
85.0 and 85.3^ of the stoichiometric quantity of j 

water according to eq. 1. These are not necessarily 
maximum values, since in this calculation we have 
assumed again that all hydratable impurities, 
with the exception of Ca 2 Si0 4 . were fully hydrated. 
The water of hydration of Ca 3 Si0 6 in the three 
pastes was probably between the two sets of values 

given above. 

Equation 2 implit that the water of hydration is 
only */ 6 of that indicated by eq. 1. or 83.3°^ . Our 
values were between 83.7 md 87.3^. 1 o argu- 
ments may be advanced against eq. 2. 

1. The fir may be adduced from consideration 

of the sizes of the tobermorite particle-. We shall 
how later that the average particle dimension is of 
he order of 100 A. which approaches the lower size 
range even in colloidal systems. The dissociation 
pressure of the calcium silicate hydrate in this size 
range should be greater than that of normal crystals; 
the water content of the hydrate at a vapor pres- 
sure of 5 X 10 ~ 4 mm. should, therefore, be at most 
equal to and probably smaller than the stoichiomet- 
ric water content in a saturated calcium hydroxide 
Dlution. This could explain why the water con- 
ents of the pastes were smaller than the quantities 
indicated by eq. 1, but all our water values were 
greater than that corresponding to eq. 2. 

2. A second and perhaps more decisive argu- 
ment against eq. 2 may be cited from crystal struc- 
ture considerations. It was shown by Taylor 5 that 
his calcium silicate hydrate (I), or artificial tober- 
morite, was a laver crvstal and that the structure 
of the layers did not change with increasing CaO/ 
^i0 2 ratio. A hydrate with a molar CaO >i0 2 ratio 
of 0.92 gave the same X-ray diffraction line pattern 
as a hydrate with a CaO ^iOj ratio of 1.41. This 
can be explained by assuming that the lime in ex- 
ess of 1 mole per mole of -iO* was located between 

the layers, as was postulated by Bemal. 1 In this 

(5) H. F. W. Taylor, ibid.. 3682 (1950). 
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ise, however, it is difficult to imagine the existence 
of unhydrated or incompletely hydrated CaO in 
an aqueous system between layers of hydrated cal- 
cium silicate. Bernal assumed layers of Ca(OH) 2 
between the calcium silicate hydrate layers, which 
seems more reasonable, and which would lead to 
the stoichiometry represented by eq. 1. 

Taylor arrived at the formula Ca 3 Si 2 7 -2H 2 on 
the basis of dehydration experiments. 4 We con- 
ducted some dehydration experiments, which will 
be published in more detail in the future by Bru- 
nauer, Kantro and Weise. Tobermorites having 
CaO/Si0 2 ratios of 1.0 and 1.5 were prepared by 
the reaction of calcium hydroxide and hydrous sil- 
ica at 23°. In the course of drying at a water va- 
por pressure of 5 X 10~ 4 mm., both hydrates lost 
approximately one-third of their water of hydra- 
tion, one retaining only 0.65 mole of water, the other 
about 1 mole of water per mole of Si0 2 . The tober- 
morite obtained in the paste hydration of Ca 3 Si06 
also lost roughly one-third of its water of hydration 
under the same drying conditions. On the other 
hand, when a less drastic drying agent was used, 
more of the water of hydration was retained. At a 
vapor pressure of 8 X 10~ 3 mm., produced by a 
mixture of magnesium perchlorate dihydrate and 
tetrahydrate, about 14% more water was retained 
by hydrated Ca 3 Si0 5 pastes than at 5 X 10~ 4 mm. 
pressure. 

On the basis of the above considerations, we 
conclude that eq. 2 does not represent the stoichi- 
ometry of the paste hydration of Ca 3 Si0 5 in a satu- 
rated calcium hydroxide solution at room tempera- 
ture. 

Calcium Hydroxide. — We were unable to deter- 
mine the calcium hydroxide content of paste- 
hydrated Ca 3 Si0 5 by chemical means because the 
solvents used both in the Franke method 6 and the 
Lerch and Bogue method 7 removed some of the 
lime from the high-lime tobermorite. 

The calcium hydroxide content of the hydrated 
paste was determined by X-ray line intensity 
measurements. The paste used in these deter- 
minations was prepared from Ca 3 Si06(II). The 
lime was extracted from a portion of the paste by a 
modification of the Franke method, 1 and a known 
quantity of calcium hydroxide (III) was added to 
the remaining tobermorite (mixture C). Compari- 
son of the intensities of the two strongest calcium 
hydroxide lines obtained from the Ca^iOs paste 

(6) B. Franke, Z. anorg. allgem. Chem., 247, 180 (1941). 

(7) W. Lerch and R. H. Bogue, Ind. Eng. Chem., Anal. Ed., 2, 296 
(1930). 
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This is the reason why the thermobalance results, 
giving the values for crystalline calcium hydroxide, 
checked the X-ray results so well. 

In contrast with the finely divided tobermorite, 
the calcium hydroxide produced in the paste-hy- 
dration of Ca 3 Si0 6 appeared in the form of rela- 
tively large crystals, easily visible under the micro- 
scope. The X-ray diffraction hues were sharp, 
indicating larger calcium hydroxide crystals than 
those produced in the ball-mill hydration of Ca 3 - 
Si(V 

The Extent of Hydration of Ca 3 Si0 5 — The 
Ca 3 Si06 paste, discussed in the previous section, 
contained 85.4 ± 0.8% of the stoichiometric 
amount of calcium hydroxide according to eq. 1. 
Earlier we discussed the two ways of calculating 
the water of hydration of Ca 3 Si0 5 pastes. The 
values for this particular paste were 84.5 and 85.3% ; 
the average was 84.9 ± 0.4% of the stoichiometric 
water of hydration according to eq. 1. Because 
these independent determinations showed such 
excellent agreement, we believed at first that the 
Ca 3 SiO s paste was only 85% hydrated in 2.5 years. 
However, this did not turn out to be the case. 

We were unable to detect more than a very small 
amount of unhydrated CajSiOs in the above paste 
by means of our X-ray diffractometer. We deter- 
mined the amount of unhydrated Ca 3 SiOe in the 
paste by diluting samples of the paste with known 
quantities of Ca 3 SiOb and comparing the mixtures 
with the undiluted paste. The result was 0.5% un- 
hydrated Ca 3 Si0 5 in the paste. Details of the 
method will be presented later by Copeland and 

Bragg. 

Microscopic examination of the Ca 3 Si0 5 paste 
confirmed the X-ray results; it indicated less than 
1% unhydrated Ca 3 Si0 5 . We had to conclude, 
therefore, that the Ca 3 Si0 6 paste was almost com- 
pletely hydrated. As stated in the two previous 
sections, the deficiency in the water of hydration 
may be ascribed to partial decomposition of the 
tobermorite under our drying conditions, and the 
deficiency in calcium hydroxide to adsorption on 
the tobermorite surface. The fact that the defi- 
ciency was 15% in both cases is probably sheer coin- 
cidence; for the time being we have no other ex- 
planation for it. 

Tobermorite. — 1 . On the basis of crystal struc- 
ture and other considerations, Bernal 3 suggested 
that the tobermorite system of hydrates might be 
represented by the structural formula 

Ca [Si0 2 (OH) 2 ] [Ca(OH) 2 I x [H*0] y 

where x varies from to 0.5 and y from to 1.0. 
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We shall disregard the [HsOJ^ term, which repre- 
sents adsorbed or zeolitic water. We cannot tell how 
much adsorbed water is attached to the surface of 
the hydrate in the saturated calcium hydroxide 
solution, and the hydrate dried under our drying 
conditions contains little or no adsorbed water. 

The low-lime end-member of the tobermorite 
series would be the compound Ca[Si0 2 (OH) 2 ], in 
which two of the oxygen ions of the SiCU tetra- 
hedron are replaced by hydroxyl ions. The com- 
pounds containing more lime, according to Bernal, 
"would represent an addition of epi-axially ar- 
ranged Ca(OH) 2 layers, possibly on both sides of 
the calcium silicate layers. The spacings of the 
two are sufficiently alike to permit this." 

Much has been written by different investigators 
on the question whether the lime in excess of a 
CaO/Si0 2 ratio of 1.0 is adsorbed or whether it is 
in solid solution. Steinour 8 pointed out that a zeo- 
litic solid solution, the type that exists in the tober- 
morites, can be regarded as "a special kind of in- 
ternal adsorptive system"; it does not make any 
difference, therefore, whether we call it one or the 
other. We share Steinour's point of view, and we 
add that if we call the zeolitic uptake of lime ad- 
sorption, it should be clear that it is chemical ad- 
sorption. The fact that the high-lime end-member 
of the tobermorite series has a definite composition 
clearly indicates that the phenomenon is not physi- 
cal adsorption. If the extra lime were physically 
adsorbed on the monocalcium silicate hydrate, the 
uptake of lime would be a function of the specific 
surface area of the hydrate, and we would find that 
the CaO/Si0 2 ratio of the high-lime end-member of 
the series would vary with the specific surface area. 
However, there is no such variation. Greenberg 9 
determined the CaO/Si0 2 ratio of the high-lime 
end-member of the series and obtained a value of 
1.5 within his experimental error. He also meas- 
ured the surface areas of some of his preparations 
by nitrogen adsorption, and the largest specific sur- 
face area he obtained was only about one-third as 
large as that of our tobermorite. 

The tobermorite we obtained in the paste-hy- 
dration of Ca 3 Si0 6 in a saturated calcium hydroxide 
solution at 23° was the high-lime end-member of 
the tobermorite series, having a CaO/Si0 2 ratio of 
1.5. Bernal's structural formula for this com- 
pound may be written as Ca 2 [Si0 2 (OH) 2 ] 2 [Ca- 
(OH) 2 ]. Since we found nothing in our experiments 
that would contradict this formula, we tentatively 

(8) H. H. Steinour. Chem. Revs.. 40, 391 (1947). 

(9) S. A. Greenberg, This Journal, 68, 362 (1954). 
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accept it as the structural formula of our tobermo- 
rite. 

2. Whereas the X-ray diffraction line pattern of 
artificial afwillite, produced in the ball-mill hydra- 
tion of CaaSiOs, was identical with that of the natu- 
ral mineral afwillite, 1 the line pattern of our artifi- 
cial tobermorite was far from being identical with 
that of the natural mineral tobermorite. Claring- 
bull and Hey 10 listed 29 lines for the natural mineral 
from Tobermory pier and 32 lines for one of Tay- 
lor's artificial tobermorites ; but our tobermorite 
showed only four lines on the diffractometer charts. 
These four lines, a very strong and very broad line 

with the peak at about 3.03 A., and three much 
weaker lines with peaks at about 11, 2.82 and 1.82 

A., correspond to the four strongest lines of Tay- 
lor's artificial tobermorite, obtained from the hy- 
dration of Ca 3 Si0 5 . 5 The scarcity of lines indicates 
poor crystallization; the widths of the lines indi- 
cate fine subdivision. 

The fact that Taylor's tobermorite was much 
better crystallized than ours suggests that his crys- 
tals were also larger than ours. Greenberg's 9 tober- 
morite, like Taylor's, gave a large number of X-ray 
lines and, as we stated before, the surface area of 
his tobermorite was much smaller than that of ours. 
The smaller surface areas of Taylor's and Green- 
berg's crystals indicate a smaller adsorption of cal- 
cium hydroxide on the tobermorite surface, which 
would probably explain why the molar CaO/Si0 2 
ratios of their hydrates were equal to 1.5 within their 

experimental errors. 

Taylor 5 and Bernal 3 regard tobermorite as a layer 
crystal, with a variable distance between the lay- 
ers, depending on the water content. Taylor ob- 
tained the value of 11 A. for the distance between 
the calcium silicate hydrate layers, when the ad- 
sorbed (or zeolitic) water was removed. The X-ray 
diffractometer chart of our tobermorite showed a 

o 

broad line with its peak at 11 A. for the dry sub- 
stance. On the other hand, Debye-Scherrer pho- 
tographs, which were prepared by exposing the 
substance to laboratory air of about 40% relative 
humidity, showed a very broad line, extending from 

11 to 15 A. The broadening was, doubtle caused 
by adsorbed water. 

3. We determined the density of a Ca 3 SiO s 
paste and obtained the value 2.406 ± 0.005 g./c< . 
The calculated density of the tobermorite in the 
paste, assuming additivity of the densities of the 

(10) G. F. Claringbull ami M. H. Hey. Mineral. Mag., 29, 060 
(1952). 
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ituents of the j be, was j!.44 ± 0.0] g./c< 

We may compare this value with that of Taylor's 
artificial tobermorite. He did not measure the 
density, but it can be calculated from his crystal 
structure data. Heller and Taylor 11 found that 
their artificial tobermorite had an orthorhornbi'- 



unit cell, with a = 5.62 A., b = 3.00 A . and c = 

11.0 A. Assuming that the cell contains one mole- 

ule of Ca 7 jSi 2 ; 3HjO, the density of the substance 

is 2,514 K./cc. A change in the c spacing from 1 1 .0 

o 11.3 A. would give an exact agreement with our 

density value of 2.4 1 g./cc. Taylor found values for 
The c spacing ranging from 11.0 to 11.5 A., and 

Greenberg 9 obtained the value of 1 1.3 A. for artifi- 

ia) to rmorite. Claringbull arid Hey 1 '' reported 
values ranging from 1 1.2 to 1 1.4 A for natural to- 
bermorite. Our own value of 1 1 A. may easily be 
in error to the extent of 0.3 A. Thus, the density 

4 our calcium silicate hydrate also indicates thai 
it is h toberm/ 

4. Similar i lua n was i ch I from meas- 
ureme; of the index of refraction it was found 

bal the aver idex of refraction of our calcium 

silk-ate hydi e was approximately the c as that 

of ■ am hydroxide, I 56 ± 0.01 5. Claringbull 

l Hey n orted thi due of 1 558 ± 0.003 for 

be mean index of refraction of natural tobermorite, 

I Heller id J vlor 12 obtained a mean refractr i 

index of about 1.56 for an icial tobermorite. 

5. The sui are of our artificial 
ob morite ts 220 m. 2 /g. H u 'e assum* thai 

nnorite es ■ < ■ pheri J and all 

'he same sj/<\ the surface ar< id- to ,-t parijf-le 

d meter of 110 A. We may i m\ re this ahie 
itb the average ci ite dimensi obtaii I 

from X-ray li • broadening. Our tobermorite 
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artificial tobermorite water vapor adsorption gave 
a larger surface than nitrogen adsorption. The sur- 
face available to water molecules was 320 m. 2 /g. 
The discrepancy may be explained by assuming 
that water molecules can penetrate, to some ex- 
tent, between the calcium silicate hydrate layers in 
tobermorite, whereas nitrogen molecules cannot. 
Afwillite is not a layer crystal, which would explain 
the agreement between water and nitrogen adsorp- 
tion surface area values. 

6. The differential thermal analysis curve of 
our Ca 3 SiO& paste, obtained by Greenberg, showed 
only two peaks: one strong endothermic peak at 
550°, which corresponds to the dehydration of cal- 
cium hydroxide, and one exothermic peak around 
900°, which may correspond to the formation of 
wollastonite, or possibly rankinite. Thus, the 
DTA curves of afwillite 1 and tobermorite are very 
different. 

The DTA curve of paste-hydrated Ca 3 Si06 gave 
no indication of the presence of afwillite, nor did the 
X-ray diffractometer charts. On the other hand, 
tobermorite obtained from the Ca 3 Si0 5 paste after 
the hot extraction of calcium hydroxide, showed un- 
mistakably the presence of afwillite. The strong- 
est afwillite line, the one at 2.83 A., was not defi- 
nitely identifiable, because it coincided with a tober- 
morite fine, but the afwillite lines at 3.18 and 2.73 A. 
were clearly identifiable. We may guess roughly 
that this tobermorite contained 10 to 20% afwillite. 

The Stoichiometry of Paste Hydration. — The 
question may be raised whether other reactions 
than that represented by eq. 1 would explain our 
experimental results. 

Bessey 14 and Taylor 5 found evidence of the exist- 
ence of a dicalcium silicate hydrate in a saturated 
calcium hydroxide solution at 17°. If we assume 
that such a hydrate does form in the hydration of 
Ca^iOs at 23°, the stoichiometry of the reaction 
may be represented by the equation 

CaaSiOB + *H 2 = Ca 2 Si0 4 (x - 1)H,0 + Ca(OH), (3) 

The quantity of lime produced in these reactions 
is 66.7% of that indicated by eq. 1. The quantity 
of lime we obtained was 85.4%; eq. 3, therefore, 
cannot represent the hydration reaction. If, how- 
ever, we assume that in the hydration of Ca 3 SiO& 
two calcium silicate hydrates are produced, Ca 2 - 
Si0 4 -(x - 1)H 2 and Ca 3 Si 2 7 -3H 2 0(T), in the pro- 
portion of two molecules of the former to one of the 
latter, we can account approximately for our ex- 

(14) G. E. Bessey. "Proceedings of tbe Symposium on the Chemis- 
try of Cements," Stockholm, 1938 p. 178. 
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perimental results. Nevertheless, we do not favor 
this explanation. Taylor's dicalcium silicate hy- 
drate gave a pattern very similar to that of tober- 
niorite. Our calcium silicate hydrate pattern re- 
sembled the latter more than the former. In addi- 
tion, the DTA curves, the density and the average 
index of refraction indicated that the hvdrate was 
tobermorite. 

Another possible reaction that would give an ap- 
proximate explanation for our results is 

4Ca,SiO B + 10H 2 O = Ca 7 Si40 15 - 5H 2 + 5Ca(OH) 2 (4) 

This reaction, at complete hydration, would indi- 
cate 6 /6 as much water of hydration and b /$ as much 
calcium hydroxide as eq. 1, which is not too far from 
the results we obtained. Nevertheless, we are re- 
luctant to suggest this explanation. There are 
already two calcium silicate hydrates in the litera- 
ture, having X-ray patterns practically indistin- 
guishable from each other. It does not seem to us 
desirable to propose now the existence of a third 
hydrate, indisiinguishable in X-ray pattern from 
tobermorite, and very similar to it in other proper- 
ties. 

All of our experimental results can be explained 
on the basis of the reaction represented by eq. 1, 
without the necessity of postulating new com- 
pounds or phenomena unfamiliar to the colloid 
chemist. Although the stoichiometry of the paste 
hydration of Ca 3 Si0 5 is not as decisively settled as 
that of ball-mill hydration, the weight of evidence 
strongly favors the hydration reaction represented 
1 'V eq. 1 . 

The lime is in two different forms in the calcium 
ilicate hydrate; two-thirds of it is located in the 
calcium silicate hydrate layers, and one-third is in 
zeolitic solid solution or is adsorbed chemically. The 
calcium hydroxide is also in two different forms; 
under our experimental conditions 85% of it wi 
in the crystalline form, and 15% was adsorbed on 
the tobermorite surface. Tobermorites, having 
smaller specific surface areas than ours, adsorb a 
<maller fraction of the calcium hydroxide. This ap- 
peared to be I he rase for the tobermorites of Taylor 
and Greenberg. 
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